[1] A microwave radiometer is described that provides continuous thermodynamic (temperature, water vapor, and moisture) soundings during clear and cloudy conditions. The radiometric profiler observes radiation intensity at 12 microwave frequencies, along with zenith infrared and surface meteorological measurements. Historical radiosonde and neural network or regression methods are used for profile retrieval. We compare radiometric, radiosonde, and forecast soundings and evaluate the accuracy of radiometric temperature and water vapor soundings on the basis of statistical comparison with radiosonde soundings. We find that radiometric soundings are equivalent in accuracy to radiosonde soundings when used in numerical weather forecasting. A case study is described that demonstrates improved fog forecasting on the basis of variational assimilation of radiometric soundings. The accuracy of radiometric cloud liquid soundings is evaluated by comparison with cloud liquid sensors carried by radiosondes. Accurate high-resolution three-dimensional water vapor and wind analysis is described on the basis of assimilation of simulated thermodynamic and wind soundings along with GPS slant delays. Examples of mobile thermodynamic and wind profilers are shown. Thermodynamic profiling, particularly when combined with wind profiling and slant GPS, provides continuous atmospheric soundings for improved weather and dispersion forecasting.
Introduction
[2] A radiometric profiler that provides temperature and humidity soundings up to 10 km height and low-resolution cloud liquid soundings is described by and by Güldner and Spänkuch [2001] . The radiometric profiler is shown in Figure 1 . The radiometer observes radiation intensity at 12 frequencies in a region of the microwave spectrum that is dominated by atmospheric water vapor, cloud liquid water, and molecular oxygen emissions. Microwave observation frequencies at 22. 035, 22.235, 23.835, 26.235, 30.0, 51.25, 52.28, 53.85, 54.94, 56.66, 57.29, and 58.8 GHz were chosen by eigenvalue analysis to optimize profile retrieval accuracy ]. The radiometer observes within in an inverted cone with a 2 -3 degree beamwidth at 51-59 GHz, and 5-6 degree beamwidth at 22-30 GHz. The radiometric profiler includes zenith infrared and surface temperature, humidity and pressure sensors.
[3] The water vapor absorption line at 22 GHz is pressure broadened with a magnitude that decreases with height. By observing radiated power at selected frequencies in this region the water vapor profile can be determined. The molecular oxygen absorption band is relatively strong, limiting observed emission at 60 GHz to several hundred meters above the radiometer. Moving away from band center, the absorption decreases and emission can be observed at increasing height. By observing radiated power at a number of frequencies in the oxygen band, the temperature profile can be determined. Liquid water emission in the microwave spectrum increases approximately with the frequency squared. Low-resolution cloud liquid profiles can be determined by observing radiated power at selected frequencies from 22 to 59 GHz, together with a cloud base height measurement. Cloud base height is estimated from zenith infrared observations of cloud base temperature and the retrieved temperature profile.
[4] Historical radiosondes at sites representative of the observing location are used with neural network or regression methods to retrieve tropospheric profiles from the microwave, infrared, and surface meteorological measurements. Use of radiosonde statistics significantly enhances retrieval accuracy and resolution beyond the levels suggested by eigenvalue analysis of the microwave observations alone [Solheim et al., 1996] . Retrieval output is set to 100 m levels from the surface to 1 km and to 250 m levels from 1 to 10 km, for a total of 47 levels. The presence of cloud liquid is assumed in neural network training at levels where radiosonde sensed relative humidity (RH) is above a threshold amount. A range of cloud liquid amounts from zero to 0.8 g/m 3 are assumed [Decker et al., 1978] for neural network training. Neural network retrievals are based on forward modeling of $10,000 radiosonde soundings using radiative transfer equations [Schroeder and Westwater, 1991] , and a standard back propagation algorithm. Atmospheric absorption models for oxygen and water vapor used in the radiative transfer equations are discussed by Liljegren et al. [2001a] . Specific locations of radiosondes used for neural network training are identified for each example discussed below. Neural network methods are discussed by . Regression methods are discussed by Güldner and Spänkuch [2001] . Regression retrievals based on radiosondes are expected to provide better agreement with radiosondes since they avoid forward modeling and calibration errors inherent in neural network retrievals. Westwater [1993] provides references to microwave radiometric profiling work.
[5] In the following sections we discuss radiometric profiler accuracy and reliability, compare radiometric, radiosonde and forecast soundings, and compare radiometric and balloon-based cloud liquid soundings. Mobile thermodynamic and wind profiling systems with applications in high-resolution mesoscale forecasting are Figure 1 . Radiometric profiler (Radiometrics TP/WVP-3000) with 12 microwave and 1 infrared observation channels. described, along with advanced radiometric profile assimilation methods. Finally, we summarize results demonstrating high-resolution three-dimensional wind and water vapor analysis based on simulated slant delay observations from a Global Positioning Satellite (GPS) network combined with continuous wind and thermodynamic soundings.
Accuracy and Reliability
[6] The radiometer K-band channels (22 -30 GHz) are calibrated by tipping [Han and Westwater, 2000] . The V-band (51 -59 GHz) calibration uses a patented cryogenic blackbody target. Tipping and cryogenic calibrations are automatically transferred to a temperature stabilized noise source. An internal mirror points to any elevation angle and an azimuth drive enables pointing to any sky direction. Radiated power observations at the various frequencies are converted to brightness temperatures using Planck's law [Han and Westwater, 2000] . Brightness temperatures are used as inputs for neural network or regression retrievals. Instrument accuracy in sensing brightness temperatures is 0.5 K rms. Radiometric profile accuracy has been determined by statistical comparison with radiosondes at Lindenberg, Germany [Güldner and Spänkuch, 2001] ; Barrow, Alaska, and Lamont, Oklahoma [Liljegren et al., 2001b [Liljegren et al., , 2001c . The radiometer design has proven its reliability in locations including the Arctic, midlatitudes, and the tropics. Additional information on radiometer design and performance is available via http://radiometrics.com.
Example Observations
[7] Radiometric profilers have been operated in a variety of locations and weather conditions. Example retrievals are presented from Lindenberg, Germany, and U.S. locations in Colorado, Oklahoma, and New Hampshire. All of the example retrievals are based on neural network training. Accuracies of neural network and regression retrievals based on statistical comparison with radiosondes at Lindenberg are also presented. Zenith infrared and surface meteorological measurements are included in the neural network retrievals. Surface meteorological measurements are included in the regression retrievals.
Lindenberg, Germany
[8] The German Weather Service (Deutscher Wetterdienst (DWD)) is evaluating the use of wind and thermodynamic profilers for use in operational forecasting. Time series including 1, 3 and 7 days of neural network retrievals are routinely produced by DWD as part of the evaluation. The retrievals are based on Lindenberg radiosondes. An example 3-day time series is shown in Figure 2 . Frontal passage including relatively cold, dry air occurred during this 3-day period. A 6°C temperature inversion at 500 m height disappeared during the first several hours of the first day, and a general cooling trend continued until late in the day. On the second day, a gradual warming trend started around midday and continued through midday on the third day, with development of a 1-2°C temperature inversion at 500 m height. Relatively high levels of vapor density held during most of the first day, with rapid drying occurring toward the end of the day. The second day remained relatively dry. Early on the third day, vapor density began to increase, reaching a maximum value of 6 g/m 3 at 1 km height around midday. Vapor density gradually decreased later in the day.
[9] Single radiometric soundings immediately before and after the radiosonde launch times (with a 9-min sampling interval) are shown on a logarithmic height scale in Figure 3 . The plots are truncated at 3 km because variability in temperature and water vapor density is minimal above this height during the time period shown. Relatively cold dry air was observed on the second day (blue) with the temperature decreasing by 7 -12 K below 500 m height, relative to the first day (black), and the average vapor density decreasing by $2.0 g/m 3 below 2 km height. A 5 -6°C temperature inversion at 400 -500 m height is seen at 0000 UTC on 9 February (black) in the radiosonde and radiometric soundings. A smaller, 2-4°C temperature inversion at 600 -1000 m height, and a 1-2 g/m 3 water vapor maximum at 1 km height, are seen at 18 UTC on 11 February (red). The radiosonde shows a minor 2 -3°C temperature inversion at 200 m height at 0000 UTC on 11 February (green), and the radiometer retrievals show a 1°C temperature inversion at 500 m height. Sounding differences are consistent with the high vertical resolution of radiosonde point measurements and the lower vertical resolution of the radiometer volumetric measurements.
[10] Statistical comparisons of simultaneous radiosonde soundings and radiometer neural network and regression retrievals are shown in Figure 4 . Included are comparisons with several hundred radiosondes launched at six hour intervals during winter and summer months by the German Weather Service at Lindenberg, Germany [Güldner and Spänkuch, 2001] . Also shown are radiosonde errors (http://lnx21.wwb.noaa.gov/oberr/ reanl-obs.html) used by the National Centers for Environmental Prediction (NCEP) when assimilating radiosonde soundings into numerical weather models. The NCEP radiosonde errors are dominated by ''representativeness error,'' the error generated in characterization of model cell volumes by point measurements. For example, a radiosonde measurement of 100% RH in a small cloud within a model cell volume would poorly represent a cell with a significantly lower average RH value. Representativeness error can be reduced or eliminated by using volumetric measurements, instead of point measurements, to define average cell volume RH values. Even if perfect agreement were found between the radiometer retrievals and radiosonde soundings, this would not imply that the retrieval is more accurate than the radiosonde, but only of equal accuracy.
[11] Neural network retrievals include calibration and line shape errors. Calibration by tipping in the K-band [Han and Westwater, 2000] , and by observation of a liquid nitrogen target in the V-band, can achieve 0.5 K accuracy. However, larger errors can be generated by tipping calibration when gradients of atmospheric water vapor or cloud liquid are present. Retrievals based on regression of simultaneous radiometric brightness temperature and radiosonde observations are not affected by calibration and line shape errors. The regression retrievals shown in Figure 4 are based on 237 simultaneous radiosonde and radiometer soundings during summer and 254 during winter at Lindenberg [Güldner and Spänkuch, 2001] . As expected, regression retrieval errors are smaller than neural network retrieval errors. For temperature soundings, the regression retrieval error is smaller than the radiosonde error below 2.5 km height, and the neural network retrieval error is smaller than the radiosonde error below 600 m; above these heights radiosonde error is smaller than radiometer retrieval error. For water vapor density soundings, the regression and neural network retrieval errors are smaller than the radiosonde error at all heights.
[12] Differences ranging from À0.1 to +0.9 g/m 3 between the radiometer and radiosonde surface water vapor measurements (À2 to +17% in relative humidity) are seen in Figure 3 . The radiosonde launch site at Lindenberg is located in an open graveled area one hundred meters away from the radiometer observation location on top of a three-story building surrounded by large trees. High temporal and spatial variability in water vapor may account for these differences. The differences shown are smaller than the 1.5 g/m 3 error for radiosonde surface water vapor density measurements shown in Figure 4 , and the 2 g/m 3 maximum error for radiosonde surface water vapor density measurements reported by Wang et al. [2002] . It is evident in Figure 3 that the radiometer soundings are smoother than the radiosonde soundings. This occurs because the radiometer observes a volume of air in an inverted cone subject to a vertical weighting function [Westwater, 1993] , and the radiosonde provides a point measurement. In general, we conclude from Figure 4 , and from similar statistical results reported by Liljegren et al. [2001b Liljegren et al. [ , 2001c at Arctic and south central U.S. observation sites, that radiometric soundings are roughly equivalent in accuracy to radiosonde soundings when used in numerical weather modeling.
Boulder, Colorado
[13] Radiometric neural network retrievals are compared in Figure 5 with mesoscale forecasts during the onset of upslope weather conditions at Boulder, Colorado. Supercooled fog conditions associated with the upslope continued for four days, causing diversion of several hundred flights from Denver International Airport. Neural network training used Denver radiosondes launched from a site 50 km southeast of Boulder. Cloud base height was calculated using infrared measurement of cloud base temperature combined with the retrieved temperature profile. Cloud top was assumed as the height where the RH profile decreased to 80%. Cloud shape and integrated liquid were determined by the neural network. A numerical simulation was performed using the Mesoscale Model version 5 (MM5) (see http://www.mmm. ucar.edu/mm5). Twelve hour forecasts were initialized at 0000 UTC and 1200 UTC on 16 February 2001 using a 10-km horizontal grid with 27 vertical levels. The MM5 forecast did not predict fog in the Denver basin. However, regional fog was accurately forecast by MM5 after variational assimilation of the Boulder radiometric soundings [Vandenberghe and Ware, 2003] .
[14] The retrieved and forecast temperature, relative humidity, and liquid profiles in Figure 5 are significantly different. For example, the forecast temperature is up to 5 K colder than the retrieval at 1 km height until 1100 UTC, and warmer by the same amount after 1800 UTC. In addition, the RH forecast shows saturation above 4 km height after 1600 UTC, whereas the retrieval shows saturation below 300 m after 1200 UTC. Similarly, cloud liquid is forecast after 1600 UTC at 4 -9 km height, whereas the retrieval shows cloud below 1 km height after 1200 UTC.
[15] Radiometric retrievals at Boulder are compared with simultaneous radiosonde profiles at Denver in Figure 6 . The temperature profiles agree within several degrees K up to 8 km height, and both soundings show a 4 -7 K inversion at 1 km height. The largest disagreement occurs at 8.7 km height, where the radiosonde detects a sharp minimum associated with the tropopause, whereas the retrieval shows a gradual decrease in lapse rate suggesting a tropopause height near 10 km. The profiles agree within 10% RH up to 7 km height, decreasing to agreement within $20% RH above this level. The radiosonde at Denver shows RH near saturation below 300 m height that is consistent with the presence of fog from the surface to 400 m in the Boulder retrieval. The Boulder retrieval also shows high values of RH and the presence of cloud liquid from the surface to 400 m, with a maximum density of 0.3 g/m 3 at 200 m height. This case study illustrates the value of continuous radiometric profiling for airport weather applications including measurement and prediction of fog, supercooled liquid, and the vertical extent of cloud liquid water.
Lamont, Oklahoma
[16] Radiometric neural network retrievals are compared in Figure 7 with mesoscale forecasts during early spring weather conditions in Oklahoma. Neural network training was based on radiosondes launched at the Department of Energy's Atmospheric Radiation Measurement (ARM) Program's Southern Great Plains Central Facility located 10 km southwest of Lamont, Oklahoma. The radiometric profiler was located within 1 km of the radiosonde launch site.
[17] A 24-hour numerical simulation was performed using the Advanced Regional Prediction System (ARPS) (see http://www.caps.ou.edu/ARPS). The forecast was initialized at 1200 UTC 21 Mar 2000 using a 24-km horizontal grid with 64 vertical levels. Satellite measurements of cloud top and ceilometer measurements of cloud base were assimilated into ARPS. The radiometric soundings indicate the presence of low clouds throughout the 24-hour period, except for a few hours centered around 0000 UTC 22 Mar 2000. The ARPS forecast is considerably warmer and drier at low levels, and hence shows less cloudiness. At 1 km height the accuracy of the neural network temperature retrieval is better than 2 K, and it is likely that the temperature and humidity retrievals are more accurate than the numerical forecast.
[18] The high variability in retrieved RH seen in Figure 7 from 3 to 7 km height may be induced by finite ''shutter speed,'' the time interval for serial observations at 12 microwave frequencies. The retrieval model assumes that the same atmosphere is observed at all frequencies. During variable cloud conditions, observed brightness temperatures can vary by several degrees K over time intervals of 1 min or less. As a result, retrieval accuracy can be degraded. The shutter speed for all examples discussed in this paper was 72 s; it has subsequently been , respectively. The radiometer detected fog that was not forecast. Radiosonde launch time is marked by the arrow. reduced to 20 s to minimize retrieval error associated with finite shutter speed.
[19] An example comparison of radiosonde and radiometric soundings is shown in Figure 8 . Temperature (T) and dewpoint (DP) soundings are shown in the left-hand panel, along with cloud base temperature observed by the zenith infrared sensor (T IR ). The intersection of T IR with the temperature profile provides an estimate of cloud base height. In this case, T IR and the temperature profile intersect around 2 km height. If a temperature inversion is present, the cloud base height estimate can be ambiguous. However, ambiguity can often be resolved using the retrieved RH profile. RH soundings and the maximum possible RH (limited by saturation over ice for temperatures below 0°C) are shown in the center panel. The right-hand panel shows vapor and liquid density profiles, amounts of precipitable water (PW) determined by radiosonde and radiometer, and liquid water path (LWP) determined by the radiometer. Dewpoint, RH, and water vapor density plots contain redundant information that is included to provide units familiar to a variety of users. Additional radiometric and radiosonde sounding comparisons are available for Lamont, Oklahoma, and Barrow, Alaska [Liljegren et al., 2001b] .
Cloud Liquid Profiles
[20] The radiometric profiler provides low-resolution liquid soundings of one cloud layer. To validate this capability, radiometer and radiosonde cloud liquid Figure 6 . Radiosonde soundings at Denver (red) and radiometer soundings at Boulder (blue), just after the onset of supercooled fog conditions. The Denver radiosonde site is 50 km southeast of the radiometer site at Boulder. The cloud liquid (fog) profile retrieved from radiometer observations is shown in the right-hand panel.
soundings were obtained during April 1999 in New Hampshire during the Mount Washington Icing Sensors Project (MWISP) (see http://www2.faa.gov/aua/awr/ mwisp). The balloons carried vibrating wire sensors that measure supercooled cloud liquid water density with an accuracy estimated at $50% [Hill, 1996] . Radiometric cloud liquid profiles were calculated as follows: (1) cloud base height was set to the lowest height where the cloud base temperature measurement is equal to the retrieved temperature profile, (2) cloud top height was set to the height where the radiometric RH profile decreases to 90%, (3) a triangular cloud shape was chosen with the apex at the height where the radiometric RH profile reached its maximum value, and (4) the integrated cloud liquid in the profile was adjusted to equal the integrated liquid value retrieved by the neural network.
[21] Adiabatic and rectangular cloud shapes were also calculated. However, the triangular cloud shape provided better agreement, on average, with the radiosonde soundings. Neural network training was based on radiosondes from Albany, NY. The Albany radiosonde launch site altitude is 94 m and the Mt. Washington observation site altitude is 811 m. To adjust for the height difference, Albany radiosonde observations below 811 m were omitted from neural network training. A total of 24 simultaneous balloon and radiometric soundings were compared, selecting the radiometer observation time closest to the balloon launch time. The three best and three worst cases of agreement between the two methods are shown in Figure 9 . Agreement was estimated as ratio of the overlapping areas of the profiles divided by the average area of the two profiles. For example, $90% agreement is seen in the upper left panel, and $10% agreement is seen in the lower left panel.
[22] The comparison experiment was limited by the following: (1) synchronization of the two sensing methods was limited by the 10 min sampling cycle of the radiometer, (2) the same atmosphere was often not observed by the two methods as wind typically carried the balloon out of the field of view of the radiometer, and (3) the balloon-based sensor made a point measurement of liquid water in a supercooled state only, whereas the radiometer made a volumetric measurement of liquid in all states, in an inverted cone with a beamwidth less than or equal to 6 degrees. In spite of these limitations, the average agreement between the two methods is approximately 50% for the 24 cases, equal to the estimated accuracy of the supercooled liquid sensor. The integrated liquid water measurements were also compared. The radiometer minus the radiosonde integrated liquid water average for all 24 cases is 0.16 mm, with 0.13 mm standard deviation. Radiometer sensitivity to liquid water at all temperatures, compared to the sensitivity of the balloon-based sensor only to liquid water at temperatures below freezing, may account for the positive bias in the radiometer minus radiosonde comparison.
[23] These results briefly demonstrate the capability for continuous sounding of cloud liquid by radiometric profilers. The radiometer can also measure spatial variations in cloud liquid by elevation angle scanning, as reported by Liljegren [1999] . Continuous monitoring of supercooled liquid and the vertical extension of cloud liquid is useful for airport weather applications. Other applications for continuous cloud liquid sounding include weather modification, initialization of cloud liquid in numerical weather models, cloud physics research, and studies of climate-related radiative transfer.
Wind and Thermodynamic Profiling Plus Slant GPS
[24] Short term (1 -12 hours) weather forecasting skill is notoriously poor [Emanuel et al., 1995; Dabberdt and Schlatter, 1996; Wilson et al., 1998 ]. Although reasonably accurate forecasts can be obtained one hour ahead, forecast skill rapidly degrades until initialization with new radiosonde observations, typically 12 hours later. This situation can be improved using continuous wind and thermodynamic soundings that respond to short term changes in upper air. In addition to wind soundings, wind radar signal to noise measurements contain information on the height and strength of refractivity gradients [Stankov et al., 2003; Nash et al., 2003] . Refractivity gradient information can be used to improve the vertical resolution of radiometric soundings. Further improvements are expected if raw radiometric (brightness temperatures) and wind radar (moments) measurements are directly assimilated into models . Combined thermodynamic and wind profiling systems are shown in Figure 10 . The systems shown are mobile, allowing rapid deployment for weather research and forecasting [Knupp, 2003] . Applications include short term convection, precipitation, and dispersion forecasting for airports, space launch ranges, power plants, construction projects, and outdoor sporting events. High-resolution forecasting can be used to mitigate hazards from atmospheric dispersion of dangerous materials.
[25] Local forecast improvements can be extended to regional scales by assimilating signal delays from Global Positioning System (GPS) networks. Delays induced by atmospheric density and water vapor along the ray paths of Global Positioning System (GPS) signals can be accurately measured [Ware et al., 1997; Braun et al., 2003] . These slant delays provide strong horizontal constraints on atmospheric moisture and mass fields for numerical weather analysis [MacDonald and Xie, 2003] . For example, three-dimensional water vapor analysis identifying the location and magnitude of convective storms was obtained using three-dimensional variational assimilation (3DVAR) of simulated GPS slant wet delays and radiometric water vapor soundings [MacDonald et al., 2002] . In addition, significant improvements in precipitation threat scores were obtained by assimilating simulated slant GPS observations into a mesoscale model .
[26] High-resolution winds can also be recovered if wind profiler observations and total GPS slant delays are included in the 3DVAR analysis [MacDonald et al., 2001] . At elevation angles below 2 degrees, GPS slant delays are accurate to 1% or better [Pany, 2002] . Slant delays at these low-elevation angles extend for distances of 100 km or more in the boundary layer. These lowangle slant delays can be used to extend local constraints obtained from continuous thermodynamic and wind soundings to regional scales . The potential of wind and thermodynamic profiling combined with slant GPS has stimulated planning by the National Oceanic and Atmospheric Administration (NOAA) for a U.S. National MesoNet including 1000 GPS sites, and 120 wind and thermodynamic profiling sites [MacDonald and Xie, 2003] . Investigation of the potential for regional wind, thermodynamic and GPS observation networks is also underway in Europe and Asia. Results of investigations on this topic were reported at the International Workshop on GPS Meteorology, 14 -17 January 2003, in Tsukuba, Japan (see http://www.mri-jma.go.jp/Workshop/gpsmet).
Conclusions
[27] Radiometric profiling provides continuous temperature and humidity soundings up to 10 km height in clear and cloudy conditions, and low-resolution cloud liquid soundings. The accuracy of the radiometric temperature and humidity soundings is equivalent in accuracy to radiosonde soundings when used in numerical weather forecasting. Comparison with numerical weather forecasts shows that significant short term temperature and moisture field variations are detected by radiometric profiling that are not forecast. In one case study, variational assimilation of radiometric soundings provided accurate prediction of significant upslope supercooled fog that was missed by forecasts with no radiometric assimilation. Cloud liquid soundings retrieved from radiometric profiler observations were compared with soundings from supercooled cloud liquid sensors carried by radiosondes. Agreement of 50% was found, in spite of spatial/temporal sampling differences, and comparison of all liquid measurements to supercooled liquid only measurements. Mobile wind and thermodynamic profiling systems can provide flexibility in obtaining continuous wind and thermodynamic soundings for research and weather and dispersion forecasting. Forecast improvements are expected if raw radiometric and wind profiler measurements are assimilated. By also assimilating slant delays from GPS networks, the location and magnitude of major convective storms can be predicted. Recognizing the potential for this new approach, several national forecast organizations are evaluating and planning combined wind, thermodynamic and GPS networks to improve severe weather and high-resolution dispersion forecasting.
